Background: Healthy human adults are able to hydrolyze dietary nucleic acids and nucleotides in the gastrointestinal tract, thus facilitating absorption of the resulting nucleosides. However, little is directly known of the ability of infants to hydrolyze nucleic acids early in life. Methods: Purified RNA (50, 100, 250, and 500 mg/L) in a suitable medium was exposed to jejunal explants of weaning piglets to determine if enzymes expressed by the explants were sufficient to hydrolyze the nucleic acid. Aliquots from the media were taken at time intervals, from 0 to 6 hours, and assayed for ribonucleoside content by high-performance liquid chromatography. Results: The investigators found a significant increase of free ribonucleosides during the study period and for all RNA concentrations tested, thus suggesting that intestinal explants are able to hydrolyze RNA. The kinetics of nucleoside concentrations varied for each nucleoside. For example, inosine increased over the entire 6-hour period and adenosine increased for the first 2 hours, decreasing afterward. Conclusions: It is concluded that cells from the intestinal epithelium are capable of hydrolyzing RNA. These results suggest that RNA present in human milk is hydrolyzed in the intestinal tract of the breast-fed infant, thus providing an additional source of nucleosides. The results indicate that current supplementation of infant formulas with nucleotides should be reconsidered to take into account the contribution of RNA present in human milk to the pool of bioavailable nucleotides. JPGN 35:685-690, 2002.
able to hydrolyze RNA. The kinetics of nucleoside concentrations varied for each nucleoside. For example, inosine increased over the entire 6-hour period and adenosine increased for the first 2 hours, decreasing afterward. Conclusions: It is concluded that cells from the intestinal epithelium are capable of hydrolyzing RNA. These results suggest that RNA present in human milk is hydrolyzed in the intestinal tract of the breast-fed infant, thus providing an additional source of nucleosides. The results indicate that current supplementation of infant formulas with nucleotides should be reconsidered to take into account the contribution of RNA present in human milk to the pool of bioavailable nucleotides. Nucleotides are low-molecular-weight intracellular compounds that participate in numerous biochemical processes (1) . Dietary nucleotides play a number of biologic roles, especially in early infancy (2) (3) (4) (5) . For example, they influence lipoprotein metabolism, increasing HDL plasma concentrations and enhance the synthesis of Apo A-I and Apo AIV in preterm and term newborns (6) . Likewise, dietary nucleotides seem to up-regulate the synthesis of long-chain polyunsaturated fatty acids in human neonates (2) (3) (4) (5) and affect the colonization of the intestine by enhancing the number of bifidobacteria and lowering the concentrations of Enterobacteria (7). Moreover, dietary nucleotides modulate the humoral and cellular immune responses in animals and humans (2) (3) (4) (5) (8) (9) (10) and positively influence intestinal growth, development, and repair (2) (3) (4) (5) 11, 12) .
Human milk contains relatively high amounts of free nucleosides and nucleotides as well as nucleic acids. Nucleic acids in human milk have been found in concentrations ranging from 100 to 5,600 mg RNA/L milk and from 10 to 120 mg DNA/L milk (13) . In recent years, a new enzymatic method capable of quantifying free nucleosides, free nucleotides, nucleotide adducts, and RNA in milk has been used to determine the total potentially available nucleosides (TPAN) in human milk (14) . The mean TPAN concentration ranged from 49 mg/L in colostrum to 87 mg/L in mature milk, with a grand mean of 67 mg/L. Data from a pooled sample collected from American women had a mean of 72 mg/L, and nucleotides were predominantly present as monomeric (36%) and polymeric (48%) forms (5, 14) . Human milk contains at least 13 acid-soluble nucleotides, cytidine and uridine derivatives being quantitatively the most important. It also contains minor amounts of free nucleosides (15) . In contrast, bovine milk has a low content of nucleotides (13) .
Although it is well recognized that the human adult is able to fully hydrolyze dietary nucleic acids and nucleotides, little is known about the potential ability of the infant to hydrolyze dietary nucleic acids in early life. Indirect evidence has recently suggested that the infant is capable of digesting RNA and absorbing the resulting purine ribonucleotides (16) . Milk formulas in the United States and other countries are currently supplemented with free nucleotides up to the TPAN levels of human milk, but they do not include RNA as an ingredient despite the recognized presence of RNA in human milk (5) . Moreover, the European Union has approved the use of free nucleotides in infant formulas based on previous studies on the nucleotide profile of human milk up to a maximum concentration of 35 mg/L (17). However, this directive does not consider either the use of higher concentrations of nucleotides to mimic human milk TPAN or the use of RNA. Thorell et al. evaluated the capacity of the fetal small intestine to digest RNA in vitro and showed that intestinal homogenates generated pyrimidines, purines, and uric acid from RNA (18) . However, because the intestinal homogenates were contaminated with the luminal content and human milk, they could not exclude the possibility that hydrolysis might be caused, at least in part, by pancreatic ribonuclease, bile phosphodiesterase, and endogenous enterocyte phosphodiesterases. Likewise, Rnase I and II, alkaline phosphatase, and 5Ј-nucleotidase present in human milk (19) might also affect RNA hydrolysis.
The present study was designed to evaluate whether jejunal epithelial cells of piglets at weaning are able to hydrolyze exogenous RNA. Jejunal explants from 20-day-old piglets cultured in a free-serum medium were used to avoid the effects of pancreatic and enterocytic hydrolases, which are present in intact-animal studies. In addition, exogenous purified RNA was used as substrate for potential explant hydrolytic enzymes to avoid the effects of enzymes present in milk or any other food source of nucleotides and nucleic acids.
MATERIALS AND METHODS

Piglet Intestine Processing
A 20-day-old piglet was separated from its mother 6 hours before being killed. During these hours, the animal was fasted and at the end of this period was killed by terminal bleeding from a jugular puncture. The entire small intestine was quickly removed. A 60-cm-long segment of the small intestine from the ligament of Treitz was selected and considered as the proximal
jejunum. The intestinal segment was rinsed thoroughly with ice-cold saline solution, opened length-wise, and blotted dry.
RNA Hydrolysis by Jejunal Explants
Explants, 1 cm long, were isolated from the jejunal segment, put on Netwell inserts (Costar, Cambridge, MA), one explant per insert, and the inserts were deposited on six-well cell culture plates (Costar), one insert per well. The explants were cultured in Williams medium E (Sigma, St Louis, MO) supplemented with insulin (Sigma) at 43.6 pmol/L (6 mU/mL), 2 mmol/L glutamine (Sigma), and 100 UI penicillin, 0.1 mg streptomicin, and 0.25 g amphotericin B/mL (Sigma). The medium was not supplemented with fetal calf serum because in previous experiments it was shown to have nuclease activity. The experimental design is shown in Figure 1 . RNA from calf liver (Sigma) was used as the hydrolytic substrate. Four different RNA concentrations were used (50, 100, 250, and 500 mg/L) with four replicates (n ‫ס‬ 4) for each one of the concentrations. Aliquots of the medium were taken at 0, 0.5, 1, 2, 3, and 6 hours to evaluate the ribonucleosides derived from RNA hydrolysis. Aliquots from parallel plates were also taken at 0, 1, 3, and 6 hours to verify the absence of microbiologic contamination. Free nucleosides were extracted by solid phase boronate gel and analyzed by high-performance liquid chromatography according to the method of Leach et al. (14) .
Statistical Analysis
One-way analysis of variance was used to assess the effects of time on free nucleoside content for each one of the RNA concentrations. To test mean differences, post hoc multiple comparisons were performed using the Bonferroni adjusted t test.
RESULTS
There was a statistically significant increase in total ribonucleosides caused by RNA hydrolysis by neonatal pig intestinal explants (Fig. 2) . This increase was especially significant at the highest RNA concentrations. However, the apparent percentage of hydrolysis (free nucleosides/initial RNA content), as well as the slope of hydrolysis, were higher for the lowest RNA concentration (Fig. 3) . Table 1 shows the concentrations of individual nucleosides obtained for each of the RNA concentrations tested. There was a statistically significant increase in the concentration of each ribonucleoside during the period of the study at all RNA concentrations. Uridine concentrations were more variable than other nucleosides, especially at 50 mg/L RNA. Interestingly, the amount of cytidine at the end of the incubation time (6 hours of culture) was higher than that of uridine for all RNA concentrations except 50 mg/L. Likewise, inosine increased over the incubation period for all RNA concentrations, whereas adenosine increased for the first 1 to 2 hours, but decreased afterward. Guanosine concentrations also increased during the incubation period, and final concentrations were directly proportional to the RNA concentrations in the medium.
To demonstrate that the RNA hydrolysis was not caused by bacterial enzymatic hydrolysis, a microbiologic assessment was performed in all assayed plates. There was no microbiologic contamination in any plate during the 6 hours that the experiment lasted (results not shown).
DISCUSSION
The most important finding of the present study was that jejunal epithelial cells of weanling piglets are able to hydrolyze RNA to nucleosides independent of pancreatic and biliary nucleases. In addition, the RNA hydrolysis was dose-dependent, and the highest percentage of conversion to nucleosides was found at RNA concentrations close to the TPAN concentrations of human milk. RNA is present in foods mainly as nucleoproteins from which it is liberated through the action of gastric and pancreatic proteases (1, 2) . RNA is partly degraded in the upper intestine of human adults by pancreatic ribonuclease and biliary and enterocyte-secreted phosphodiesterases (2, 20, 21) , rendering a mixture of free nucleotides. These compounds are then hydrolyzed to nucleosides by brush border alkaline phosphatase and 5Ј-ectonucleotidase, which have a broad substrate sensitivity (22) . Some nucleosides may be further hydrolyzed to purine and pyrimidine bases by intestinal nucleosidases (2) . It is also known that lumenal adenosine triphosphate is dephosphorylated before rapid uptake (23), lumenal adenosine triphosphate or adenosine are rapidly converted to inosine and uric acid by the mucosa (24) , and the process of intestinal assimilation of purine nucleotides is saturable (25) .
Nucleosides and nucleobases are important metabolites and have a myriad of physiological effects in many organs, systems, and species. Some animal cells, including intestinal enterocytes, bone marrow, certain brain cells, erythrocytes, and leukocytes, are unable to synthesize purines de novo and thus must take up purines de- rived from dietary sources or from de novo synthesis by other cells, especially hepatocytes (26) . It is now recognized that there are multiple carriers for the transport of nucleosides and nucleobases that function either by facilitated diffusion or Na + -cotransport (2, 26, 27) . Thorell et al. (18) , using homogenates of fetal small intestine and human milk with and without added RNA, found CMP, UMP, and adenosine monophosphate, cytidine and uridine, hypoxhantine, xanthine, and uric acid after 4 hours of incubation. However, they did not find inosine, guanosine, or adenosine. In the present study, we demonstrated that intestinal explants of piglets at weaning hydrolyze RNA, rendering not only uridine and cytidine but also adenosine, inosine, and guanosine. The initial increase then decrease of adenosine and contained increase of inosine is likely a result of rapid conversion of adenosine to inosine by enterocyte adenosine deaminase. Inosine, as well as guanosine, may be absorbed or later converted to hypoxanthine and guanine, respectively (28) . These bases can enter the enterocytes via nucleobase transporters and be salvaged by the action of hypoxanthine-guanine phosphorybosiltransferase (1, 2) . Uridine is known to be rapidly absorbed and incorporated to the cellular nucleotide pool by the action of uridine kinase (29) . The concentrations of adenosine were dependent on the RNA concentration in the culture medium and increased over the first 2 hours of incubation but decreased afterward, parallel to the increase in inosine. Guanosine also increased over the 6-hour incubation period. Taken together, these results suggests that both inosine and guanosine are poorly converted to their respective bases by intestinal explants and should be readily absorbed by specific transporters because of their low Km (30) . The enterocyte intracellular catabolic enzymes seem to be responsible for the conversion of inosine and guanosine to xanthine, guanine, and uric acid in small intestine homogenates (18) .
Cytidine accumulated in the medium of explants in higher amounts than uridine. This may be because of the lower Km of Na + -concentrative nucleoside transporter CNT1 for uridine (59 mol/L) than for cytidine (140 mol/L), as observed in the human intestine (27) . In addition, a partial transformation of cytidine into uridine mediated by adenosine deaminase cannot be excluded. On the other hand, uridine concentration variability cannot be easily explained because the time course did not follow an uniform pattern. We cannot exclude the presence of a potential metabolite that might coelute with uridine in high-performance liquid chromatography analysis, although the presence of this compound has not been confirmed.
In conclusion, RNA, as indicated by intestinal explants, appears to be efficiently hydrolyzed by the small intestine of piglets at weaning, rendering a mixture of nucleosides that may be salvaged to maintain the biologic functions of the enterocytes or transported into por- 
